A soft robot capable of simultaneously grasping an object while navigating around an environment by Yin, Alexander Heng-Yu
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2019
A soft robot capable of
simultaneously grasping an object







A SOFT ROBOT CAPABLE OF SIMULTANEOUSLY




B.S., Rensselaer Polytechnic University, 2016
M.S., Boston University, 2019
Submitted in partial fulfillment of the









Assistant Professor of Mechanical Engineering
Assistant Professor of Materials Science and Engineering
Second Reader
Sheila Russo, PhD
Assistant Professor of Mechanical Engineering
Assistant Professor of Materials Science and Engineering
Third Reader
Douglas Holmes, PhD
Assistant Professor of Mechanical Engineering
Assistant Professor of Materials Science and Engineering
We cannot solve our problems
with the same thinking we used
when we created them
-Albert Einstein
Acknowledgments
I would like to thank Professor Ranzani for allowing me to work in his lab for
the past year and a half. I am thankful that he gave me the opportunity to work
in his lab and work on an incredible project such as this one. Under his guidance,
I have grown to become a better researcher. I would also like to thank my Thesis
Committee, Professor Russo and Professor Holmes for giving insightful advice for
this project. I also want to thank everyone in the Morphable Biorobotics lab and the
Material Robotics Lab for their support and assistance with this Thesis. They helped
me out with various aspects of the Thesis from helping with construction, giving me
advice, and assisting me with tests and calculations. Finally, I would like to thank my
family for supporting me through thick and thin. They provided me the opportunity
to pursue my interests and dreams.
This paper is dedicated to my uncle, Jullian Tello. He was a man that inspired





A SOFT ROBOT CAPABLE OF SIMULTANEOUSLY




In recent years, the field of Soft Robotics has grown exponentially resulting in a
variety of different soft robot designs. A majority of the current soft robots can easily
be split into two distinct categories: Navigation and Grasping. Navigation robots
alter their body orientation to navigate around an environment. Grasping robots
are designed to grasp a variety of unknown objects without damaging said object.
However, only a few robots are able to demonstrate both aspects and even fewer
robots are able to do both simultaneously. As thus, the goal of this thesis is to create
a soft robot that is able to pick up and support an additional payload. This thesis
will explore the challenges and difficulties that come with designing such a robot.
For this thesis, we chose to simplify the manufacturing process making it easy to
create and test different designs. We primarily used Pneumatic Network actuators
for the majority of the soft robot. This allowed us to use a layered manufacturing
approach to create the full robot. Finally, we split the robot into two main components
which have their own purpose, which made it easy to test and design each component.
Attached to this thesis are three different supplementary videos. The first one
labeled ”Walking Gaits” demonstrate how the robot is capable of moving forward.
This video is comprised of several sections showing the full robot moving, just the
base moving, and the full robot briefly moving as it supports a payload. The second
video is labeled ”Additional Walking”. This video shows how the base can effectively
vi
move around a given environment. The final video if called ”Grasping Method”
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The field of Soft Robots has grown exponentially over recent years because they
have demonstrated the ability to easily accomplish tasks that are too difficult or com-
plex for traditional hard robots (Whitesides, 2018) (Rus and Tolley, 2015) (Galloway
et al., 2016)(Wook Choi et al., 2009). Soft robots are composed of softer materials,
most often elastomers, causing them to to have complex bodies that can bend, twist.
and extend (Gorissen et al., 2017). This allows them to have underactuated structure
with infinite degrees of freedom and have compliant body that adapts to its environ-
ment even if it is unstructured and handle external forces without permanent damages
(Martinez et al., 2014). The soft body also allows the robot to handle extreme en-
vironments which traditional robots cannot. Such features make them particularly
promising in a variety of field i.e. exploration (Shepherd et al., 2011) (Vikas et al.,
2015), manipulation (Shintake et al., 2016), and in medicine (Polygerinos et al., 2015)
(Ranzani et al., 2015).
There are many different kinds of soft robots that have unique purposes and goals,
for this thesis, we split them into two distinct categories. The first category contains
soft robots that demonstrate navigation by moving around a set environment, also
referred as mobile robots. This category encompasses a broad spectrum of soft robots
with a variety of purposes and designs, but these soft robots tend to be modeled after
nature such as animals (Vikas et al., 2015) (Marchese et al., 2014) (Lin et al., 2011)
2
and plants (Hawkes et al., 2017). These soft robots are able to move around an
unknown environment, sometimes with a payload, by utilizing different and unique
gaits by altering their body position; however, this is their only purpose. These soft
robots can only move around an environment and often cannot interact with objects
in the environment.
The other category contains soft robots that are capable of grasping a variety of
objects within a known environment. A majority of these soft robots tend to have
a similar design such as being a gripper (Shintake et al., 2018) (Ilievski et al., 2011)
or a tentacle like design (Laschi et al., 2012) (Calisti et al., 2011). These robots
have demonstrated advanced manipulation capabilities but are commonly connected
to rigid manipulators, which are necessary to provide stability and positioning during
manipulation procedures.
Presently, there are only a handful of robots that have demonstrated the ability to
both navigate an environment and grasp objects within the environment (Wang et al.,
2018) (Kwok et al., 2014). However, these robots cannot do both task simultaneously;
they are not able to pick up an object and carry it around an environment. As
thus, it is of great interest to create a soft robot that can demonstrate both aspects
simultaneously. The goal of this thesis is to develop a platform for which we can
gain a better understanding of what is required to create a robot that simultaneously
demonstrates navigation and manipulation.
1.1.1 State of the Art
To gain an understanding the current state of the Soft Robotics field, we re-
searched the latest state of the arts. We looked into robots that demonstrate navi-
gation aspects primarily for unknown land exploration, various gripper designs, bio-
inspired soft robots, and methods of reinforcing soft robots with hard components.
There are several different soft robots that have demonstrated the ability to
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move around unknown and unstructured terrains by utilizing different gaits (Shep-
herd et al., 2011) (Drotman et al., 2017) (Rich et al., 2018). The Multigait Soft
robot created by Shepherd et. al has shown that a soft robot can have several dif-
ferent gaits to help a robot move more effectively within an environment depending
on which actuator is inflated. Additionally, the soft robot created by Drotman et. al
has demonstrated that a soft robot can move around a variety of unstructured and
unknown terrains using several different gaits. Much research has been conducted on
the various design and control methodologies for mobile soft robots (Calisti et al.,
2017). Finally there are several different soft robots that have demonstrated the abil-
ity to support a large load by utilizing more complex actuator designs (Waynelovich
et al., 2016) (Liu et al., 2018).
All soft grippers have demonstrated the ability to grasp objects, but there are
several different approaches (Shintake et al., 2018). Some grippers wrap around
objects and are inspired by elephant trunks (Cianchetti et al., 2013) or by octopus
tentacles (Calisti et al., 2011). However, many of these robots utilize more complex
actuators and require motors to operate and control. Other grippers enclose an object
(Galloway et al., 2016) (Ilievski et al., 2011) and sometimes resemble a human hand
(Paoletti et al., 2017). This method of grasping has been proven to be effective in
grasping a variety of unknown objects (shown by robots at Soft Robotic Inc.) and
helping with rehabilitation (Polygerinos et al., 2013). Grippers tend to be attached
to a hard robot arm to help with alignment and picking up objects.
Researchers often take inspiration from nature in the Soft Robotic field because
there are a multitude of soft bodied animals that easily accomplish complex tasks
(Kim et al., 2013). With soft robots, researchers have been able to re-create gaits
found in caterpillars, both simple (Donatelli et al., 2017) and complex (Lin et al.,
2011). By observing and understanding these soft bodied animals, inspiration can be
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drawn from them in order to create new designs and innovative methods to completing
complex tasks.
Much research has been conducted in creatively using strain limiting layers on
soft robots to have them bend and extend in unique and different ways (Martinez
et al., 2012) (Connolly et al., 2017). Much of this research has demonstrated how soft
actuators can be mechanically programmed to act in a certain way (Gorissen et al.,
2017). Research has demonstrated how flexure designs have helped and improved
actuator designs (Wook Choi et al., 2009) (Mutlu et al., 2016). These flexure cuts
ensure that the proper amount of deformation occurs thus allowing the robot to be
both flexible and rigid depending on its orientation.
1.2 Motivation
As stated earlier, soft robots have demonstrated the ability to easily and suc-
cessfully move around unstructured and unknown terrains and are also able to grasp
a variety of objects without causing damages. Thus, it is of great interest to create a
completely soft robot for exploration purposes. Such a robot would be able to with-
stand external forces, a wider range of temperature, and can easily fit into smaller
and more difficult spaces (Shepherd et al., 2011) (Rich et al., 2018) which traditional
hard robots cannot. Such a robot could be used for exploration purposes such as
search and rescue missions and gathering sample from an environment.
In creating a soft robot that demonstrates navigation and grasping there are
additional challenges and difficulties that the robot must be able to account for.
Such challenges include having an actuator that allows the robot to lift a payload
with its gripper, balancing the robot’s momentum while holding a payload, ensuring
that the robot has stable footing as it moves around with a payload, and reinforcing
the body of the robot so that it is able to support an additional payload. The goal
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of this thesis is to create a platform to understand the difficulties and challenges that
such a soft robot would face. Potential solutions will be explored for this thesis.
1.3 Inspiration
In designing this robot, we took heavy inspiration from nature since there are
many soft bodied animals capable of picking up and carrying objects as they move
around. Small insects such as ants are capable of picking up large objects and carrying
them around any environment. Ants are capable of completing this task by lifting
and shifting the payload’s center of gravity. They adjust the angle of the object they
are holding to ensure that their combined center of gravity is still centered over their
body. We aim to implement the same strategy with out robot.
Another animal that inspired the robot’s design is coral. Corals are primarily
soft and flexible, but contain bits of skeletal structure within its body allowing them
to be rigid when under compression. They are able to remain flexible while also being
able to support large forces. We intend to introduce a similar strategy into the robot.
The robot will be primarily soft, but reinforced with hard materials in order to handle
larger external forces (in our case, additional mass of a payload).
1.4 Approach
The goal of this paper is to create a simple soft robot that is capable of moving
around an environment, picking up a payload, carrying the payload around, and
placing it somewhere else in the environment. As thus the robot will demonstrate
aspects of grasping and navigation; however, the robot will not be optimal in both
aspects. The plan is to design, create, and test several different iterations. For this
thesis, we will focus on creating a simple soft robot that can be easily manufactured,
has stability while picking up large payloads, and is capable of supporting a large
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weight. We would also like to see how the additional payload affects the soft robot
such as seeing if the payload causes the robot to be unstable while moving, makes it




2.1 Soft Actuator Choice
To simplify the design, we split the soft robot into two separate components:
the Base and the Gripper. The Base handles the navigation aspects of the robot
while the Gripper handles the grasping. Though there are two distinct parts of
the robot, the same manufacturing method and actuator choice was used for both
components. This was done deliberately to reduce the complexity of the robot. A
simple manufacturing method was desired to allow multiple iterations to be designed
and tested. As thus the Pneumatic Network (PneuNet) actuator was an obvious
choice since it utilizes a layered manufacturing approach which has been proven to be
an effective manufacturing approach (Ranzani et al., 2018). This approach allows each
layer to have its own designated purpose thus reducing the complexity in designing
the robot. A simple CAD figure of the full robot design is shown in figure 1 shown
below.
2.2 Navigation
In regards to the navigation aspect of the robot, the two main goals are to
allow the robot to support an additional payload and allow the robot to navigate
around a simple environment. The base of this soft robot will need to support its
own weight and an additional payload. Also the robot must have enough degrees
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Figure 1: Images of the full robot design in CAD. a) The robot laying
flat on the ground and b) Various actuators inflated
of freedom to effectively move around an environment, which we have chosen to
be a flat environment. For this thesis, we decided to create a robot that is most
similar to the Multigait Soft robot (Shepherd et al., 2011) because it has a simple
and straightforward design.
The Base design is a simple quadrupedal soft robot with a small tail that has
six degrees of freedom. It contains six total actuators, 4 of them are dubbed ”Leg
Actuators” and two of them are dubbed ”Middle Actuators”. The Leg Actuators
are designed to bend downward at a 90 degree angle to elevate the whole body.
The Middle Actuators are designed to expand out radially when pressurized which
increases the angle between two of the Leg Actuators. Finally, there is a tail located
at the back of the robot which moves the center of mass back on the robot.
2.2.1 Reinforcing
To allow the robot to support an additional payload, the Leg Actuators are
reinforced with plates of laser cut acrylic. These plates are added to the bottom of
the Leg Actuators using Sil-poxy, a Rubber Silicone Adhesive. The added acrylic
greatly assists the actuators in resisting induced forces and bending. In between each
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Figure 2: Images of the full robot design. a) The robot standing up
with all four Leg Actuators pressurized, b) the robot flat on the ground,
c) a side view of the robot, and d) a front view of the robot.
plate of acrylic, there is a section of polymer with a flexure design. These flexures
are simple cuts in the polymer which help the actuators undergo angular deflection
when inflated. These flexures help allow proper and equal bending to occur between
the different plates of acrylic.
In order to find the optimal amount of acrylic plates for the Leg Actuators, we
conducted compression tests on Leg Actuators composed of Ecoflex 30 with various
amounts of acrylic plates. Using an Instron machine (Instron 5943) we tested three
different Leg Actuators: Normal, 3-Acrylic, and 4-Acrylic; the Normal Leg Actuators
have no acrylic plates, 3-Acrylics have three plates of acrylic, and 4-Acrylics have
four plates. Several different samples of each actuator were tested multiple times
with the Instron machine. The Instron machine recorded the amount of force needed
to displace the actuators. As shown in figure 3 below, the 3-Acrylic actuator yielded
the best result as it was able to handle the most amount of force with the least amount
of vertical deflection.
We created a simple model of the vertical deflection that occurs in the 3-Acrylic
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Figure 3: Instron Test: a) Results of Instron Compression test con-
ducted on Normal, 3-Acrylic, and 4-Acrylic Leg Test Designs. Shaded
regions are the standard deviations for each test. b) Normal set with
no deformation, c) Normal Leg set up with 20 mm deformation, d)
3-Acrylic set up with no deformation, e) 3-Acrylic set up with 10 mm
deformation, f) 4-Acrylic set up with no deformation, and g) 4-Acrylic
set up with 10 mm deformation
Leg Actuators when an external linear force is applied. To create this model, we used
Castigliano’s method assuming that the Leg Actuator was a three beam set up each
at a 45 degree offset from one another as shown in figure 4. We assumed that each
beam had the Young’s Modulus of acrylic and the Shear Modulus of Ecoflex 030. The
Young’s Modulus for Acrylic was assumed to be 2.76 MPa as stated on Matweb.com
and the Shear Modulus of Ecoflex 030 was assumed to be 20 kPa as stated in (Zhao
et al., 2018). This model accounts for two Leg Actuators and assumes symmetry which
is why there is a Reaction Force (Rd) and Moment ( Md) on point D in figure 4b.










A, B, and C are the three different plates with lengths a, b, and c respectively,
that encounter different axial forces (P), moments (M), and shear forces (V). As thus,












































PA = F PB = (F +RD)sin(θ) PC = Rd
MA = MB −Rdz MB = MC − (F +Rd)(y)Sin(θ) MC = Fx−Md
VA = Rd VB = (Rd − F )Sin(θ) VC = −F
(2.5)
This resulted in the model shown below in figure 4a. The error of the model’s
slop in comparison to the linear portion of the Instron test is 0.16%.
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Figure 4: Model of the vertical deformation in the 3-plate Leg Test:
a) Model vs Instron Test and b) 3 bar set up.
2.2.2 Spring Constant Equivalent
After observing the Instron test, we were interested to see how the segments
of polymer between the plates of acrylic affected the Leg Actuators as it seemed to
act like torsion springs resisting the applied load. In order to understand how the
segments better, we decided to create and model a simple actuator which is shown in
figure 5 below. We were interested in calculating the spring constant equivalent value
of a given polymer which was Dragon Skin 10. For this model, since the actuator is
symmetrical with two air chambers and two plates of acrylic we modeled half of the
actuator. We assumed that the segments of polymer acted like springs, the plates
of acrylic were beams, and the pressure acted as a distributed load on the actuator.
In order to see the correlation between the Pressure and the deflection angle, we




















Ke is the assumed spring constant equivalent value of the polymer calculated
using E, ha, ba, and lc which are the Young’s modulus of the polymer (in this case the
polymer was Dragon Skin 10), height of the full actuator in regards to the flexure cut,
width of the actuator’s base, and the length of the air chamber within the actuator.
This spring constant accounts for the cross sectional area right above the flexure and


















W is the applied moment that the pressure is creating in the actuator. Ac is the
area of the air chamber, lc is the length of the actuator, and w is the geometry of the








PEwall is the Potential Energy that is stored in the walls of the air chamber for
the actuator. This equation was taken from (Shepherd et al., 2011). Ratm is the
radius of the air chamber unpressurized and R1 is the radius of the air chamber when
it is completely pressurized. However, this equation needs to be correlated to θ. We
can find the correlation by substituting the following equations given from (An et al.,
2018):






















By minimizing the Potential Energy equation in regards to θ, we are able to find
a correlation between Pressure (P) and θ. At this point we add a correction factor cw
for PEwall. This correction factor is to account for the difference in the model seeing












With this equation we were able to create the model shown in figure 6a. We then
conducted a physical test by taking photos of the deflection at various Pressures as
shown in figure 6b. Then we used a Matlab code to analyze the angle between the
acrylic plates. A total of five trials were recorded for accuracy. Comparing the model
to the physical test, we discovered that the actual actuator is a lot softer than the
model, meaning the actuator deflects more with less pressure. This might be due to
the flexture cuts that were implemented into the Leg Actuators. Moving forward we
will be looking into how to more accurately model the angle deflection.
Figure 6: Flexure Results: a) Model of the Flexure test vs the results
of a physical test, b) The physical test with no pressure, and c) the
physical test at 60 kPa
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2.2.3 Middle Actuators
The Middle Actuators on the Base allow the robot to move in forward, back-
wards, and turn. By actuating the Middle Actuators, both the spacing and angle
between the front and back legs increase as shown in figure 7. If both Middle Ac-
tuators are inflated equally, this allows the Base to extend uniformly. Depending on
the sequence, whether the front legs or back legs are deflated first, the robot is able
to move forward or backward respectively. Additionally, the robot is able to turn
left or right by pressurizing the opposite side (only pressurizing the left to turn right
or pressurizing the right to turn left). A piece of acrylic is added below the central
actuators of both the Middle Actuators to prevent undesired bending and twisting
from occurring in the base. Without this piece, the center of the base will curve
upwards or downwards causing the Leg Actuators to lose its footing. The design was
most similar to the fast PneuNets created by (Mosadegh et al., 2014).
Figure 7: The Middle Actuator fully inflated
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2.3 Grasping
The goal of the Gripper is to be a simple but effective design that could wrap
around a variety of objects. As thus, the design was inspired by the gripper created
by Ilievski et. al (Ilievski et al., 2011). However, our gripper must also pick up objects
on its own without the reliance of an external hard robot.
Our gripper has seven degrees of freedom because it is comprised of seven total
actuators. Six of them are dedicated to wrapping around objects while the last one
is designed to angle the gripper upwards. The six wrapping actuators are dubbed the
”Arm Actuators” with the middle two referred to as the ”Middle Arms” while the
other four actuators are called the ”Outer Arms”. The Arm Actuators are designed
to wrap around a variety of objects regardless of their shape. The last actuator is
called the ”Balloon Actuator”, which helps elevate the Gripper. A closer image of
the Gripper is shown in figure 2.
2.3.1 Elevating the Gripper
A critical responsibility of the Gripper is to have the ability to lift itself up.
This will allow the robot to pick up payloads which will make it easier to support
them as the robot navigates around an environment. Picking up a payload will shift
the combined center of mass for the robot and the payload to be closer to the robot’s
center of mass thus making it easier to support the payload and prevent toppling
from occurring. Additionally, it is important for the gripper to be elevated while not
in use so that it does not get in the way of the robot’s locomotion. Our solution to
both of these issues was a piece of cloth and the Balloon Actuator.
The cloth is attached to the Gripper at one end and the Base at the other. The
cloth is in tension and sets the gripper to be at a certain angle with the Base. At
this angle, the Gripper should not interfere with the locomotion and will help the
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robot pick up objects more easily. Furthermore this set up should allow the Gripper
to more easily pick up objects that are standing up vertically.
2.4 Fabrication
As mentioned previously, we plan to use a layered manufacturing approach to
create the soft robot meaning we will create several different layers of elastomers
and combined them together to create the whole robot as shown in figure 8. This
is possible because elastomers have the unique property of bonding to itself thus
creating a solid component. This is done by applying a small amount of uncured
polymer to one layer, placing the next layer on top, and letting the uncured polymer
cure thus bonding the two layers together.
20 mm
Figure 8: Full Robot Layer Assembly
The soft robot is comprised of five unique layers, two of which are for the Base
and the other three are for the Gripper. After the layers had been designed using
a CAD program (Solidworks and AutoCAD Fusion) we used a 3D printer (Form 2)
to create molds for each layer. In general, the molding process was the same for all
the layers in which we prepared a silicone solution with a planetary mixer (Thinky
ARE-310), poured it into the mold, and degassed in a vacuum chamber at -100 kPa.
19
Then the silicone was cured in a heat oven (Thermo Scientific HeraTherm) at 55 C
for 30 minutes. After each layer had been fully cured, they were separated based off
which component they belonged to. To combine the layers to create the Base and
Gripper, we poured a thin layer of polymer on the bottom layer while it is still in
its mold, used a spin coater () set to 1000 rpm for 40 seconds to create a thin layer
of uncured polymer, placed the next layer on top, and put everything thing into the
heat oven at the same previous settings.
The Base is composed of an elastomer (Dragon Skin 10), fabric, and laser cut
acrylic (cut with a Universal Laser System 4.6). The Base is comprised of two unique
layers, Base Polymer 1 (BP1) and Base Polymer 2 (BP2). Each polymer layer has its
own mold, Base polymer Mold 1 (BM1) and Base polymer Mold 2 (BM2). For BP1,
a small piece of cloth was placed into the uncured polymer to prevent the layer from
elongating when pressurized. BP2 was bonded on top of BP1. Once the two layers
were combined excess polymer was cut off. The excess polymer was used to help align
the two parts. Finally pieces of acrylic were attached. Eleven pieces of acrylic were
then attached to the bottom of the Base using Sil-poxy. Ten of them were placed
under the Leg Actuators and one was placed below the Middle Actuators.
Base Manufacturing:
1. Cure Polymer in the molds
• Use Dragon Skin 10 for both BM1 and BM2
• For BM1, cut out an in extensible cloth with small holes in it and embed
it into the polymer
• Cure in an oven at 55 degrees C for 30 minutes
2. Combine the different layers together using the spin coater
• Pour uncured Dragon Skin 10 on top of BP1 while it is still in its mold
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• Spin at 1000 rpm for 40 seconds to thin the layer of polymer
3. Cut off excess polymers
4. Use Sil-poxy to attach the pieces of acrylic to the bottom of the Base
The Gripper comprises of three different layers each composed of a different
polymer. Gripper Polymer 1 (GP1) is composed of Dragon Skin 20, Gripper Polymer
2 (GP2) is composed of Dragon Skin 10, and the Balloon Actuator (BA) is composed
of Ecoflex 30. Their respective molds are referred as Gripper polymer Mold 1 (GM1),
Gripper polymer Mold 2 (GM2) and Balloon Actuator Mold (BAM). Dragon Skin 20
was chosen for GP1 to reduce the height of the Gripper and Ecoflex 30 was chosen
for the BA because it requires less pressure to actuate. After each of the layers have
been prepared, the BA is bonded to the top of GP2 using Ecoflex 30. Then those
two layers were bonded on top of GP1 using Dragon Skin 10. After everything was
combined, the excess polymer was cut off.
Gripper Manufacturing:
1. Cure Polymer in molds
• Use Dragon Skin 10 for GM2, Dragon Skin 20 for GM1, and Ecoflex 30
for BAM
• Cure in an oven at 60 degrees C for 30 minutes
2. Combine the different layers together using the spin coater
• Combine BAP to GP2 first then GP2 to GP1
• Pour uncured polymer onto the bottom layer of the two layers that will
be combined
• Spin at 1000 rpm for 40 seconds to thin the layer of polymer
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3. Cut off excess polymers
After the Base and the Gripper are completely manufactured, the next step is
to combine them to create the full soft robot. The first step was to insert the tubing
for the Gripper. We applied a small amount of Sil-poxy on the outside of the tubing
before inserting it into the Gripper to ensure a tight connection. Next, we used Sil-
poxy to connect the Gripper to the Base. Then we used Sil-poxy to connect the
cloth to the underneath and top of the gripper. We then pulled the cloth so that it
would be at a 60 degree angle and attached the end to the Base again using Sil-poxy.
Finally, we inserted the tubing for the Base the same way we did it for the Gripper.
Full Robot Manufacturing:
1. Insert tubing into the Gripper using Sil-poxy to combine them
2. Use Sil-poxy to combine the Base and Gripper
3. Use Sil-poxy to attach a cloth to the gripper and base






In order to control the robot, a set of simple controls were required to navigate
around an environment. We broke the controls down into seven simple different
commands: Flat, Idle, Full Actuated, Front Expand, Back Retract, Back Extend,
and Front Retract. To simplify the commands, the robot is split into two halves, the
right and left, which each contain three actuators, Front Leg, Middle Actuator, and
Back Leg. The commands control how much pressure is in each actuator and for how
long. To demonstrate the control method, a block diagram was created to show how
much pressure there is in each actuator and for how long as shown in figure 9 below.
This block diagram is similar to a timing diagram.
These seven commands can be split into two different states: static and motion.
Static states are defined as the robot staying stationary and are the intermediate
states while the robot is moving. Motion states are defined as the robot moving. By
sequencing these commands for either the right or left side, the robot is capable to
walking forward, backwards and making turns. Putting several of these commands
together will allow the robot to do longer and more complex navigation such as making
a three point turn, ie. walk forward, turn left, walk backwards while turning right,
and continue walking forwards. An example of the sequence to command the robot
to walk forward is shown in figure 10
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Figure 9: Block Diagrams: a) 7 basic building blocks to control robot
and b) Example of how the blocks control the robot.
An Arduino connected to several motors and pressure sensors were used to control
the robots motions. By programming in Python we were able to implement the same
strategies mentioned above. This allowed testing to be much easier and consistent
with the robot. We referred to this device as the Flow Control Board.
3.1.2 Gaits
For this robot, the gait’s speed is heavily dependent on how fast the actuators
are inflated and how much the Middle Actuators inflate. The Middle Actuator is
the only actuator that expands the robot and allows it to move. However, lots of
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Figure 10: Demonstrating how all the blocks connect to have the
robot walk forward.
time is spent inflating the Leg Actuator. There are two different gaits that allow
the robot to move straight (either forwards or backwards). The first method involves
inflating both Middle Actuators equally thus linearly expanding the robot forward.
This method works best only when the deflation rate is decreased. If the Middle
Actuators deflate too fast, then the robot retracts too quickly and causes the robot
to slide back instead. Furthermore, controlling the robot has to be tuned in such a
way that when both Middle Actuators are inflated, the robot uniformly elongates.
If one side is a little longer than the other, then the robot will turn towards one
side more. The other method involves alternating between stepping forward with one
side and then the other. With this method, the robot walks from side to side rather
than walk linearly forward. This gait will only have one Middle Actuator inflated
at a time. This seems to prevent the robot from accidentally pushing itself back. A
video showing the robots different gaits is located in the supplementary videos for
this thesis.
The second gait was recorded and observed using just the Base component. The
Base was calculated to move at 9.57 cm/minute (1.40 Body Length/ minute assuming
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a body length of 6.85 cm which is length without the tail). With this gait, the robot
was unable to walk a straight line and was moving more towards the right. This
can easily be overcome by having the robot take more left steps. Sadly, I was not
able to observe the gait of the full soft robot with an attached Gripper. Adding on
the Gripper component often interfered with the Leg Actuators causing the robot to
be unable to move properly. Furthermore, it was recently discovered that many of
the actuators were being over pressurized causing the robot to have very short life
span. It was initially assumed that the manufacturing procedure had faults; however
that was not actually the case. Since I was pressurizing all the actuators by hand,
it was very easy to over pressurize the actuators thus causing permanent damages.
Now that the Fluid Control Board has been completed, more consistent tests can
be conducted without permanently damaging the robot. It should be noted that in




To calculate the maximum payload that the robot could support, we first cal-
culated the center of mass for the whole soft robot. The maximum payload is then
calculated as the mass that causes the center of gravity to lie between the payload and
the Base thus causing the soft robot to topple forward. Assuming that the Gripper
can achieve a maximum of 60 degrees with the Balloon Actuator fully inflated, the
maximum payload that the robot can grasp is 30 grams (57.7% Body Weight with a
Body Weight of 52.0 grams).
In order to find the limits of the Gripper, several different objects were chosen
to be tested as shown in figure 12. We were interested to see the range of sizes which
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Figure 11: Images of the Balloon Actuator: a) Angle of the Gripper
with uninflated Balloon actuator and b) Angle of the Gripper with the
Balloon Actuator inflated
Objects Width (cm) Weight (g) Percent Body
Weight (%)
Plastic Bag with Paper Stars 5.5 7.0 13.5
Small Rubber band Ball 2.5 7.6 14.6
Large Rubber band Ball 3.5 17.2 33.1
Yarn with added weight 6.5 20.3 39.0
Bag with Screws 6.5 28.4 54.6
Table 3.1: Information of the various payloads
the Gripper could grasp and how much weight the Balloon Actuator was capable of
supporting. The details of the objects are given in table 3.1.
If the payload is placed directly on the robot, then the robot is capable of sup-
porting a much larger payload. In a static position, the robot is capable of supporting
a payload up to 400 grams (770% Body Weight) as shown in figure 13. Thus the robot
can theoretically support an even larger payload if the Gripper was able to completely
bend 180 degrees and lay on top of the robot.
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Figure 12: Various payloads chosen to test the limits of the Gripper.
Figure 13: The robot can support 400 grams when static
3.2.2 Grasping Methods
The Gripper has two different methods of grasping an object depending on the
size and orientation of the object.
For smaller objects, the Outer Arms are first inflated followed by the Middle
Arms as shown in figure 14. Due to the Middle Arm’s larger first layer, it forces
the Outer Arms to move closer to the center of the Gripper’s body. This orientation
allows the gripper to grasp objects as small as 2.5 cm. This method also works well
to wrap around objects that have uniform shapes such as spheres or cubes.
For larger objects, the Middle Arms are first inflated followed by the Outer
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Figure 14: Small Grasp method: a) Image of the Gripper performing
small grasp method, b) Gripper holding small rubber band ball, and c)
Gripper holding large rubber band ball.
Arms as shown in figure 15. With the Middle Arm’s large first layer, it is able to
wrap around larger and more complex objects. Once the Outer Arms are inflated,
the Middle Arm’s large first layer is supported by the Outer Arms thus ensuring a
tight hold. For more complex objects such as a long cylinder, the large first layer
is able to wrap around the object helping create contact points for the Outer Arms.
This inflation control allows the robot to grasp objects as large as 8 cm.
Figure 15: Large Grasp method: a) Image of the gripper performing
large grasping method, b) Gripper holding bag of stars, c) Gripper
holding yarn with additional weight, and d) Gripper holding bag of
screws.
To place an object down, the robot has two different methods. The robot can
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simple drop the object straight down by releasing the pressure in all the Arm Actua-
tors simultaneously. With this method, the robot cannot accurately place an object
down. The other method is by releasing the pressure in all the Arm Actuators except
for the back two. The back two stay curved allowing the robot to gain more control
in placing an object down. The curved Actuator Arms act like guide rails for the
object.
When the Gripper is attached to the Base, it was discovered that the large
grasping method worked the majority of the time while the small grasping method
did not. This was due to the fact that the Outer arms would be unable to wrap
around objects effectively while on the Base. Furthermore, since the Gripper was
angled on the soft robot, a new approach had to be taken for the robot to pick up
objects. The robot had to first deflate the front legs to let the Gripper rest on the
object. Then the Gripper was inflated to wrap around an object. Once it was in the
Gripper’s grasp, the front legs are both pressurized to allow the robot to stand up.
Finally the Balloon Actuator is inflated to move the payload’s center of mass to be
more central on the robot. This is shown in figure 16 This method worked with all
the objects so long as the large grasping method was used.
30
Figure 16: Grasping method: a) Robot aligns with object, b) Front






In conclusion, I was able to create a soft robot platform that simultaneously
demonstrates locomotion and grasping thus bridging a gap within the soft robotic
field. This platform explores the challenges and difficulties that such a robot will
face and find potential solutions. I have also demonstrated that acrylic is a viable
candidate for reinforcing soft robots by acting as a skeleton to the body. The design
needs a little improvement, but it has demonstrated some of the main difficulties that
a soft robot designed to navigate and manipulate will face.
4.2 Future Work
Moving forward, we will be developing the robot further and exploring other
research directions. From this study, it was discovered that further research must
be conducted in creating an actuator that will give the robot more control over its
gripper. This actuator should also allow the gripper to bend completely 180 degrees
thus resting on top of the robot’s Base. By adding such an actuator, the robot will
have an easier time to grasp more objects and support a greater payload. Another
aspect of the robot that needs further exploration is the interaction of the acrylic
with the polymer. This thesis has demonstrated how acrylic is a viable ”skeleton” for
future soft robots. As thus, greater inspection and understanding on how to utilize
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acrylic more effectively is important. Finally, we plan to explore alternative methods
of controlling the robot since the greatest limiting factor is the necessity of controlling
every actuator separately. Controlling the robot becomes more complex and greatly
increases the size of the robot. By finding an alternative control method, the size of
the robot can be reduced further allowing it to support a heavier payload.
Additionally there are several small improvements that can be implemented onto
the current design. These improvements include: changing the Middle Actuators to
require less pressure, increasing the length of the Leg Actuators, further development
in the flexure design to optimize set angle changes, and increasing the size of the tail
on the Base to further push back the center of mass.
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